Cloned rat liver epithelial cells (clone C3) were semi-permissive for adenovirus type 2 (Ad-2) and non-permissive for adenovirus type 12 (Ad-12). Ad-2-infected C3 cells were shown to produce hexon and fibre protein, but at an m.o.i, of 20 a maximum virus yield of only 2.4 p.Lu. per cell was obtained. Forty-eight h after infection with Ad-12 'early' virus proteins (major species 8K and 60K), but no 'late' proteins (virus structural proteins) could be identified.
INTRODUCTION
The various serotypes of human adenovirus have been classified by their oncogenicity in newborn hamsters (Huebner, 1967) . Adenovirus type 12 (Ad-12) is a group A oncogenic virus, whereas adenovirus type 2 (Ad-2) is a group C non-oncogenic virus. Both viruses are, however, able to transform rodent cells in vitro. Rat embryo cells transformed by group C adenoviruses were found to be non-tumourigenic in the syngeneic host (McAllister et aL, 1969) , whereas group A adenovirus-transformed rat embryo cells were tumourigenic (Freeman et al., 1967) .
We have recently shown that of 25 Ad-12-transformed cell lines isolated from uncloned rat embryo cultures all were tumourigenic in the syngeneic rat, but of 70 Ad-2-transformed cell fines isolated from uncloned rat embryo cultures only one was tumourigenic in the syngeneic host . We also reported that with respect to in vitro characteristics the Ad-12-transformed lines represented a homogeneous group, whereas the Ad-2-transformed lines represented a relatively heterogeneous group of transformants. J" Present address: Imperial Cancer Research Fund, P.O. Box 123, Lincoln's Inn Fields, London WC2A 3PX, U.K.
The reasons for these interesting differences in tumourigenicity and in vitro behaviour are at present unknown. For example, it is unclear whether differences in the permissivity of the viruses are important. Ad-2 is semi-permissive, whereas Ad-12 is non-permissive in rat embryo cultures (Gallimore, 1974; A. R. Dunn & P. H. Gallimore, unpublished results) . Mukai (1976) has proposed that the vast majority of Ad-12 virus-induced tumours in rodents are of primitive sensory neuronal origin and he, therefore, strongly favours a target cell hypothesis for Ad-12 tumourigenicity. If the progenitor sensory neuronal cell in vivo has such a dominant role in Ad-12 tumourigenicity, then it is possible that some of the differences observed between the Ad-2-and Ad-12-transformed rat embryo cell lines may be due to the transformation of different cell types in vitro, as rat embryo tissue cultures are after all a mixture of different cell types.
To try to answer this question, we have isolated a cloned rat liver epithelial culture (C3), which we have previously transformed with Ad-12 ) and more recently with Ad-2. This paper describes the in vitro characteristics and tumourigenicity of the Ad-2 transformants and also provides details of virus-cell interactions early after infection of the clone C3 with both Ad-2 and Ad-12.
METHODS
Tissue culture, growth conditions and virus stocks. The rat liver epithelial clone C3 and the Ad-12-transformed liver epithelial lines, together with their culture conditions have been described in detail previously . Cells were grown in Dulbecco's modified Eagle's medium (DMEM) which, unless stated otherwise, was supplemented with 10% foetal calf serum (FCS). Ad-2 and Ad-12 virus stocks were purified three times on CsCI gradients and plaque-titrated on human embryo kidney cells.
Ad-2-transformed lines were isolated and established from clone C3 (passage 8) using the same procedures as described for the isolation of Ad-12 transformants from clone C3 . Three dishes of C3 were infected with Ad-2 at 5 p.f.u./cell, three at 1 p.f.u./cell, four at 0-5 p.f.u./cell and four at 0.1 p.f.u./cell. Six mock-infected dishes were also used.
Permissivity of clone C3 for Ad-2 and Ad-12
Production of virion proteins. The production of adenovirus virion proteins was determined for Ad-2-and Ad-12-infected clone C3 cells. Primary human embryo kidney (HEK) cells were used as permissive controls. Clone C3 and HEK were infected on glass coverslips with Ad-2 and Ad-12 at an m.o.i, of 20. After 24 and 48 h cells were washed in saline and fixed in cold acetone (-20 °C) for 90 s. Using the indirect immunofluorescence technique (Harwood & Gallimore, 1975) clone C3 and HEK cells infected with Ad-2 were examined for hexon and fibre synthesis using Ad-2 anti-hexon and anti-fibre sera (kindly provided by Professor L. Philipson, Uppsala, Sweden). Ad-12-infected C3 and HEK were tested for structural proteins by immunofluorescence using Ad-12-disrupted purified virion antiserum which had been prepared in rats and has a high neutralizing titre, and immunoprecipitates Ad-12 structural proteins from Ad-12-infected HEK cells (see Fig. 1 , lane e and f).
Ad-2 virion synthesis in infected C3 cells. C3 cells were infected with Ad-2 at a cell density of 3 x 105 cells per 5 cm dish at 20 p.f.u./cell. After virus adsorption the cells were washed three times in DMEM and then DMEM supplemented with 1% rabbit Ad-2 antiserum was added to each dish to neutralize any virus particles which had not been washed away or adsorbed. After 4 h the medium containing the Ad-2 antiserum was removed and replaced with DMEM (supplemented with 3% FCS). At 24, 48 and 72 h after virus infection the medium was removed, the cells washed three times in saline, the cells harvested using a rubber policeman, sonicated and the extracts titrated on primary HEK cells.
35S and 32p labelling of cells and immunoprecipitation.
Cells were grown on 9 cm Petri dishes and when approx. 80% confluent were preincubated for 1 h in 3 ml of methionine or phosphate-free modified Eagle's medium containing 2% (v/v) FCS, then labelled for 2 h in the same medium with 100 /~Ci of either L-[35S]methionine (approx. 1000 Ci/mmol) or [32P]orthophosphate (carrier-free, 1 mCi/ml, Amersham International). Cells were washed three times in cold PBS/PMSF (phosphate-buffered saline containing 1 mMphenylmethanesulphonyl fluoride), scraped off into PBS/PMSF and pelleted. Cell pellets were sonicated in 400/tl 10 mM-tris-HC1 pH 7.2, containing 0.15 M-NaC1 and 1% (v/v) Nonidet P40 (NP40), then 400 ~tl 10 mM-tris-HC1 pH 7.2, containing 1.25 M-NaC1 and 1% NP40 was added, the extract centrifuged and the clear supernatant used for immunoprecipitation.
Immunoprecipitation was carried out essentially as described by Kessler (1975) . A 50 #1 sample of cell extract was incubated at 4 °C with 10 ~1 of normal rat serum for 45 min, 25/tl of a 10% (w/v) suspension of protein A-bearing Staphylococcus aureus added (Calbiochem) and pelleted after 15 min. The supernatant was removed and mixed with 10/A of normal or immune serum, then incubated and precipitated with S. aureus as described above. The final pellet was washed three times in 10 mM-tris-HC1 pH 7.2, containing 0.5 M-NaC1, 1% NP40, 5 % (w/v) sucrose and 5 mM-EDTA, then 25 /~1 50 mM-tris-HC1 pH 6.8, containing 2% (w/v) SDS, 2% (v/v) 2-mercaptoethanol and 10% (v/v) glycerol was added and heated to 100°C for 2 min. The extracts were centrifuged and the clear supernatants run on SDS-polyacrylamide slab gels (10 to 15% acrylamide gradient gels) as described by Laemmli (1970) . After electrophoresis, gels were stained and either dried for autoradiography (to detect 32p) or processed for fluorography (to detect 35S) as described by Bonner & Laskey (1974) and Laskey & Mills (1975) .
RESULTS

Virus struetural proteins and permissivity
Infection of the liver epithelial clone C3 with Ad-2 resulted in classical adenovirus cytopathic effect, which was not observed in the Ad-12-infected C 3 cells in that cells did not round up, but remained flat and became stretched and dongated. Using immunofluorescence techniques Ad-12 T antigen was visible in 100% of infected cells 24 h after infection and appeared as large flecks of fluorescence in all the nuclei of C3 cells and in the cytoplasm of some cells. Ad-12-infected clone C3 did not produce detectable virion proteins by either indirect immunofluorescence or immunoprecipitation techniques (Fig. 1, lane c) . Forty-eight h after infection two major Ad-12 early proteins could be detected, these being 8 kilodaltons (K) and 60K proteins (Fig. 1, lane b) . Further immunoprecipitation experiments using Ad-12 tumour bearer serum were carried out with 32p-labelled Ad-12-infected C3 cells and Fig. 1 , lane (m) clearly shows that the 60K protein is phosphorylated. The same Ad-12 tumour bearer serum immunoprecipitates the Ad-12 early polypeptides in Ad-12-infected HEK cells (Fig. 1, lanes h, i and k) .
In contrast, some Ad-2-infected C3 cells produced hexon and fibre proteins as early as 24 h post-infection as seen by immunofluorescence. By 48 h post-infection the majority of cells were positive for these Ad-2 virion proteins. Ad-2 structural proteins could also be seen in infected C3 cells by immunoprecipitation (Fig. 2, lane b) . Ad-2, however, was only semi-permissive in clone C3 cells since at an input multiplicity of 20 p.f.u./cell, a maximum of 2-4 p.f.u./cell was isolated 24 and 48 h after virus infection. By 72 h less than 1 p.f.u./cell was isolated.
Transformation and T antigen
Six Ad-2-transformed lines were isolated from the clone C3. Three of these, Ad-2/C3/1-1, Ad-2/C3/5-1 and Ad-2/C3/5-2 were picked from different dishes and therefore represent
~ 18.5 ~,.,., independent events. The n o m e n c l a t u r e u s e d for adenovirus-transformed rat liver epithelial cells has been described previously . Three other lines were isolated from one other dish, so it is possible that these three do not all represent independent events; these are A d -2 / C 3 / 1 -2 A , A d -2 / C 3 / 1 -2 B and A d -2 / C 3 / 1 -2 C . All six transformed foci were easily identified as multi-layered foci and they all produced typical Ad-2 T antigen as shown by indirect immunofluorescence. No transformed loci were observed on mock-infected dishes.
In vitro characteristics
There was a remarkable variation in the morphology of the Ad-2-transformed epithelial cell lines (Fig. 3 a, b, c) ranging from an epithelial morphology similar to the clone C3 through to cells with a distinct lymphoid morphology. This morphological heterogeneity was observed as soon as the transformed lines were isolated from clone C3. Even within some of the Ad-2-transformed lines there was morphological heterogeneity. This is unlike the Ad-!2-transformed epithelial cell lines which are all morphologically similar see Fig. 3d for a typical example) whether examined immediately after isolation or after many in vitro passages (50 passages, split ratio 1:6). The four Ad-2-transformed C3 lines examined all have a higher saturation density than the clone C3 (Table 1) . Three of these four lines produce appreciable amounts of fibronectin (Table 1) , although two of these lines, Ad-2/C3/1-1 and Ad-2/C3/1-2B, contain fewer ceils which are fibronectin-positive than the epithelial clone C3 . The line Ad-2/C3/5-1, which does not produce detectable amounts of fibronectin, is lymphoid in morphology and grows very loosely attached to the plastic Petri dish (they can be removed Ad-2/C3/5-2 * All experiments were carried out with transformants between 6 and 12 in vitro passages.
t Determined by methods previously described . E.o.p., Efficiency of plating. :~ Karyotype analysis was conducted as described by Gallimore & Richardson (1973) . At least 25 metaphase ceils per cell fine were examined. Animals used and tumourigenicity studies were carried out as previously described . t Animals were tumour-free for between 90 and 150 days.
from the dish by gentle pipetting), without forming close cell-cell contacts or spreading out on the Petri dish (Fig. 3c) . It is unclear whether this growth pattern reflects the absence of fibronectin.
It is interesting to note that the only Ad-2 line (Ad-2/C3/1-1) tumourigenic in syngeneic rats grew the best in methyl cellulose, whereas Ad-2/C3/1-2B and Ad-2/C3/5-2 grew only poorly in methyl cellulose and Ad-2/C3/5-1 did not produce any colonies at all (Table 1) . Ad-12-transformed epithelial lines although all tumourigenic in syngeneic rats did not grow, or grew poorly in methyl cellulose . All four Ad-2-transformed cell lines examined were cytogenetically abnormal (Table 1) .
Tumourigenicity
Newborn syngeneic rats (six to nine animals for each cell line tested) were inoculated subcutaneously with 2 x 106 transformed cells at between 6 and 12 in vitro passages. All six Ad-2 cell lines were tested and only the line Ad-2/C3/1-1 produced tumours in the syngeneic rats. Five out of eight animals inoculated with Ad-2/C3/I-1 produced tumours, with an average latent period of 58 days. The animals which had been inoculated with the other five Ad-2 lines have remained tumour-free for longer than 450 days.
The above experiment was repeated, using four animals per transformed line, but including a regime of immunosuppression using rabbit anti-rat thymocyte serum (Gallimore et al., 1977) . Essentially similar results were obtained with only Ad-2/C3/1-1 producing tumours. Of four animals inoculated, three produced tumours with an average latent period of 60 days.
All the Ad 2 lines, however, produced tumours in athymic nude mice with a 100% tumour incidence using an inoculum of 2 × 106 cells/animal. The latent periods of all the Ad-2 lines were all significantly longer than those of the Ad-12 lines previously examined ( Table 2 ). The Ad-2 tumours are classified as anaplastic sarcomas; however, all the tumours lack collagen and reticulin as shown by histochemical methods.
DISCUSSION
To determine whether the differences between the Ad-2-and Ad-12-transformed rat embryo brain cell lines reflect differences in target cells transformed in vitro, we have isolated cloned rat liver epithelial cultures from which we have isolated Ad-12 transformants and Ad-2 transformants (Table 1) . Our results showed that all the Ad-12-transformed rat liver epithelial lines were tumourigenic in the syngeneic rat , whereas only one of the six Ad-2-transformed epithelial cell lines was tumourigenic in the syngeneic rat (this paper). Also, the Ad-2-transformed epithelial lines are morphologically very heterogeneous (Fig. 3) , whereas the Ad-12-transformed epithelial cells are morphologically very similar . The Ad-2-transformed clone C3 cells are also heterogeneous with respect to the other in vitro markers (Table 1) which may be a reflection of the morphological heterogeneity.
Our results, therefore, clearly show that the differences observed between Ad-2-and Ad-12-transformed rat embryo brain cells are also observed in the transformation of the cloned rat liver epithelial cultures and they are, therefore, not due to different target cells being transformed in vitro, but are a result of fundamental differences between the two viruses in the way they interact with the target cell and the subsequent expression of the transformed phenotype. Certainly, Ad-2 and Ad-12 interact differently in both clone C3 and rat embryo brain tissue cultures, Ad-2 being semi-permissive in both cell systems and Ad-12 being non-permissive. It is unclear whether permissivity has played an important role in the subsequent in vivo behaviour and phenotype of the transformants, but it is possible, for example, that the degree of permissivity of a virus may in part determine the mutagenic capacity of the virus, or other virus-host cell interactions which may influence the behaviour of the resulting transformant. The differences in the permissivity of Ad-2 and Ad-12 do not, however, appear to influence the transformation frequency of rat embryo cultures or the time at which foci appear. We were surprised to find that only two major Ad-12 'early' proteins were synthesized 48 h after infection in C3 cells. However, the tumour bearer serum used in these studies does not immunoprecipitate Ad-12 E1A proteins (C. Paraskeva et al., unpublished results) , so we have repeated the immunoprecipitation with a tumour bearer serum from an animal inoculated with Ad-12 EcoRI-C-transformed cells. Using this serum we have observed a small amount of a 41K protein in Ad-12-infected C3 cells (data not shown) which is probably the major E1A protein (Jochemsen et al., 1980) . The 60K protein is probably the phosphorylated single-stranded DNA binding protein previously described (Rosenwirth et aI., 1975; Jochemsen et aL, 1980) . The 8K protein is similar as seen by two-dimensional gel electrophoresis (data not shown) to the 10K protein which Shiroki et al. (1980) have reported to be located between the map position 4-7 and 6.8 on the Ad-12 chromosome. They also reported that this low mol. wt. protein was responsible for their so-called T antigen 'f' (so-called due to its flecked immunofluorescence pattern). The flecked fluorescence we observed in Ad-12-infected C3 cells is, therefore, in agreement with their observations. The 8K protein may have certain properties resembling the 10K protein of Shiroki et al. (1980) but we have only been able to immunoprecipitate the 8K protein from transformed cells containing the whole Ad-12 genome, and not from those containing only the left-hand 16.5% or less of the Ad-12 genome (C. Paraskeva et al., unpublished results) . Therefore, these two proteins may well not be identical. Although Ad-2 is semi-permissive in C3 cells as judged by the synthesis of hexon and fibre proteins, only low yields of newly synthesized Ad-2 virus were obtained.
Our results have shown that Ad-12 virion transformation, whether it be of rat embryo fibroblasts, rat embryo brain tissue cultures or the liver epithelial clone C3, has always resulted in cell lines that are morphologically similar. It seems, therefore, that the Ad-12 gene region responsible for neoplastic transformation is able to impose a similar morphology upon all the transformants regardless of the morphology of the target cell originally transformed. In contrast, the Ad-2 transforming gene region imposes quite different morphologies upon the transformed lines even when the target cells are cloned as in C3.
The difference that we have described between the tumourigenicity of Ad-2 and Ad-12 transformants in syngeneic rats might be at least partly explained by the expression of tumour-specific transplantation antigens. Gallimore (1972) provided evidence to support the suggestion of McAllister et al. (1969) that the failure of most Ad-2-transformed rat cells to produce tumours in syngeneic rats is due to the expression of strong transplantation antigens. Consistent with this view is our observation that although only one of the Ad-2-transformed clone C3 lines is tumourigenic in syngeneic rats, they all produced tumours in athymic nude mice. However, although the antigenic status of a cell line seems to be important in determining its tumour-inducing potential in the syngeneic host, other factors such as short generation time in vivo and/or the proportion of cells within a given cell line capable of in vivo growth might be important and therefore should be considered (Harwood & Gallimore, 1975; . Studies on the genetics of group C adenovirus transformation (Graham et al., 1978; Jones & Shenk, 1979) indicate that the expression of two gene regions within early region 1 are essential for in vitro transformation. Also, the findings from a number of adenovirus DNA fragment transformation experiments recently summarized (van der Eb et al., 1979; Shiroki et al., 1979) imply that early region 1 can be subdivided and the gene(s) responsible for a malignant phenotype separated from genes that impose a limited transformed phenotype. Although there are significant differences in transformation and malignant behaviour, Ad-12 has been recently shown to complement, with respect to virus replication, the defect in a number of Ad-5 (group C adenovirus) host range and deletion mutants, indicating functional relatedness between products encoded by early region 1 of the respective serotypes (Williams et al., 1981) .
We and other workers have clearly shown that in vitro transformation of rat cells by group A adenoviruses results in malignant transformation, whereas group C adenovirus transformants are rarely tumourigenic in the syngeneic host. Although the protein(s) responsible for adenovirus transformation and malignancy still elude us, the disparity between group A and group C adenoviruses in terms of malignancy encourages us that this is an area worthy of further investigation.
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